The possible drivers and implications of an observed latitudinal cline in disease resistance of a host tree were examined. Mycosphaerella leaf disease (MLD) damage, caused by Teratosphaeria species, was assessed in five Eucalyptus globulus (Tasmanian blue gum) common garden trials containing open-pollinated progeny from 13 native-forest populations. Significant population and family within population variation in MLD resistance was detected, which was relatively stable across different combinations of trial sites, ages, seasons and epidemics. A distinct genetic-based latitudinal cline in MLD damage among host populations was evident. Two lines of evidence argue that the observed genetic-based latitudinal trend was the result of direct pathogen-imposed selection for MLD resistance. First, MLD damage was positively associated with temperature and negatively associated with a prediction of disease risk in the native environment of these populations; and, second, the quantitative inbreeding coefficient (Q ST ) significantly exceeded neutral marker F ST at the trial that exhibited the greatest MLD damage, suggesting that diversifying selection contributed to differentiation in MLD resistance among populations. This study highlights the potential for spatial variation in pathogen risk to drive adaptive differentiation across the geographic range of a foundation host tree species.
INTRODUCTION
Pathogens, through their interaction and co-evolution with hosts can influence not only the genetic structure of host populations themselves but the evolutionary trajectory of ecosystems more broadly (Burdon et al., 2006) . The most revealing examples of this influence involve pathogen-induced changes in the distribution, density and abundance of forest tree hosts. Notable examples from intact natural pathosystems include the role of the indigenous laminated root rot (Phellinus weirii) in gap creation in the Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and mountain hemlock (Tsuga heterophylla (Raf.) Sarg.) forests of western North America (Hansen and Goheen, 2000) , and the role of Armillaria luteobubalina in determining community diversity and structure in Western Australian Eucalyptus wandoo woodlands (Shearer et al., 1997) . Further examples exist as the result of the introduction of pathogens into ecosystems. These include the impact of Asian chestnut disease (Cryphonectria parasitica) on forests formally dominated by American chestnut (Castanea dentata) (Stephenson, 1986) , and the impact of the invasive generalist pathogen Phytophthora ramorum, the causal agent of sudden oak death, on the composition and structure of coastal forests in California and Oregon (Maloney et al., 2005) .
If restrictions on gene flow among host populations are maintained over evolutionary time scales, heterogeneous geographic distribution of resistance genes might be expected to develop through drift, hybridisation and/or selection. Direct pathogenimposed selection pressure may vary with pathogen distribution, pathogen virulence and environmental factors affecting disease risk (Burdon, 2001; White et al., 2002) . Biotic and abiotic environmental factors affecting disease risk include climatic variables (for example, rainfall, temperature and humidity) and the prevalence of alternative hosts, vector species or hyperparasites (Bryner and Rigling, 2011) .
Natural and intact pathosystems (involving native plants and their co-evolved pathogens) are complex and there are few comprehensive studies of the natural patterns of genetic variation in pathogen resistance within host plant species and the association of these patterns with spatial variation in disease risk over large spatial scales (Björkman, 1963; Laine et al., 2011) . Such studies are needed to understand the importance of biotic factors such as diseases in shaping genetic variation and possibly speciation (Thompson, 2005) .
The best understood plant pathosystems involve annual crop hosts in which resistance mechanisms have been highly modified and genetic variation severely eroded though bottlenecks and selective breeding, and where individual virulence and resistance genes can decisively shift the balance between pathogen and host (Thompson and Burdon, 1992) . Despite inherent difficulties associated with the study of pathosystems involving perennial outcrossing hosts, heterogeneous geographic distribution of pathogen resistance genes among host tree species populations can be detected through the exposure of these populations to locally occurring pathogens in common garden trials (for example, Pinus taeda-Cronartium fusiforme, Wells and Wakeley, 1966 ; Eucalyptus species-Teratosphaeria species, Dungey et al., 1997; Carnegie and Ades, 2005; Milgate et al., 2005a) .
As they can define the structure of ecological communities (Ellison et al., 2005) , forest trees often represent foundation species and their genetics can affect a large number of dependent organisms and even ecosystem processes (Whitham et al., 2006; Barbour et al., 2009) . Knowledge of the distribution, interaction and function of pathogen resistance within and between populations of foundation host species is required to better understand ecosystem functioning and may provide insights into the direct and indirect impacts of introduced pathogens on naïve indigenous hosts as well as potential host maladaption to climate change amplified epidemics of indigenous pathogens (Burdon et al., 2006) . Such knowledge may also be applied in the management of disease in tree hosts planted beyond their natural range.
This study examines genetic variation in disease resistance in a foundation host species and tests the hypothesis that spatial variation in disease risk has directed the evolutionary trajectory of the host. The possible implications of the findings for the understanding of co-evolutionary relationships among species within ecological communities are discussed.
MATERIALS AND METHODS

Study system
Host: Eucalyptus globulus. Eucalyptus globulus, Tasmanian blue gum, is a foundation species of lowland forests of south-eastern Australia (Figure 1 ; Barbour et al., 2009) . It is also an important pulpwood plantation species and a model for forest genetic research Kulheim et al., 2009) . It is one of four closely related taxa (E. globulus, E. bicostata, E. pseudoglobulus and E. maidenii), which intergrade and have variously been treated as different species (the nomenclature used herein) or subspecies of E. globulus (Dutkowski and Potts, 1999) . The quantitative genetic variation in E. globulus and its intergrade populations has been summarised by partitioning the geographic distribution into 13 races and 420 subraces (Dutkowski and Potts, 1999) , which molecular studies classify into three to five major lineages (Steane et al., 2006; Yeoh et al., 2012) . The species has a mixed mating system and while molecular studies suggest the pollen dispersal curve is flat-tailed, most gene flow occurs over o100 m (Jones et al., 2007; Mimura et al., 2009) . Drift, selection and hybridisation have all been shown to impact the evolutionary dynamics of the species (Steane et al., 2006; Jones et al., 2007; McKinnon et al., 2010; Yeoh et al., 2012) .
A notable feature of E. globulus is its heteroblasty. The species exhibits an abrupt and marked change in vegetative morphology from glaucous, opposite, sessile, elliptic-ovate, strongly discolourous juvenile leaves to green, alternate, petiolate, lanceolate, concolorous adult leaves at age 1 to 5 years. The height at which this transition occurs is variable and under strong genetic control (Jordan et al., 2000; Hamilton et al., 2011) .
Pathogen: Teratosphaeria species. Teratosphaeria (previously Mycosphaerella; Crous et al., 2007) species are fungi of the phylum Ascomycota and include major foliar diseases of eucalypts growing in native-forests as well as eucalypt plantations around the world (Mohammed et al., 2003) . E. globulus is susceptible to infection by Teratosphaeria species, which manifests itself as Mycosphaerella leaf disease (MLD). The most obvious symptoms of MLD are necrotic leaf spots that grow in size and can coalesce to form large blotches. Such lesions may be occupied, and/or caused by, more than one Teratosphaeria species (Glen et al., 2007) . MLD lesions reduce the photosynthetic capacity of trees, can lead to premature leaf abscission and, in extreme cases, severe defoliation, affecting both growth and tree form (Mohammed et al., 2003) . However, the impact of MLD-induced leaf necrosis and defoliation on growth in E. globulus depends on a multitude of factors including: position in the canopy, season, the cumulative impacts of multiple outbreaks and the extent of necrosis/defoliation, particularly given evidence for defoliation thresholds beyond which growth impacts may be substantial (Rapley et al., 2009) .
Although a number of Teratosphaeria species are known to cause leaf disease in E. globulus, T. cryptica and T. nubilosa are considered the most damaging in southern Australia (Milgate et al., 2001 (Milgate et al., , 2005a Mohammed et al., 2003; Barber et al., 2008) . These species occur across the natural range of E. globulus (Milgate et al., 2001) .
Some Teratosphaeria species infect living leaf tissue via stomata (for example, T. nubilosa) or through the cuticle directly (for example, T. cryptica), whereas other species are saprobic (Park, 1988) . Studies of the epidemiology and biology of T. cryptica and T. nubilosa indicate that, while splash-dispersal may be responsible for the spread of disease within crowns and between neighbouring trees, wind-dispersed ascospores are the primary source of inoculum (Park, 1988) . Ascospore development in both species is temperature and moisture dependent, with warm wet conditions being most conducive (Park, 1988) . Ascocarps can survive for extended periods on necrotic lesions and are a source of inoculum for subsequent epidemic cycles (Park, 1988) .
Although E. globulus juvenile foliage is susceptible to infection by both T. cryptica and T. nubilosa, adult foliage is relatively resistant to infection by T. nubilosa (Dungey et al., 1997; Carnegie and Ades, 2005) . Dungey et al. (1997) noted a positive correlation between juvenile-persistent foliage and MLD damage and suggested that this may be due to greater opportunity for autoinfection within large juvenile crowns rather than a negative relationship between growth and foliar resistance per se. However, recently emerged foliage, which is more prevalent on faster growing plants, is regarded as being more susceptible to infection by MLD (Park, 1988; Dungey et al., 1997; Milgate et al., 2005a) and significant disease outbreaks often coincide with active shoot growth (Mohammed et al., 2003; Pinkard et al., 2010) .
Trials
Four E. globulus common garden trials were established in north-west Tasmania (TOG05, SR05, TEM06 and SR06) and one in north-east Tasmania (GC08; Table 1; Figure 1 ), regions in which E. globulus plantations have historically suffered from severe MLD outbreaks (Pinkard et al., 2010) . Nearby plantations and naturally occurring eucalypt species provided sources of inoculation for Teratosphaeria species.
Trials were established in spring/summer (September-December) using randomised incomplete block designs with families represented as single-tree plots. In each replicate, nursery-grown seedling were planted with an espacement of 2.3 m within and 4.0 m between rows. In total, the trials contained 12 892 open-pollinated progeny of 247 native mothers originating from 13 E. globulus subraces (hereafter referred to as populations) extending across the natural range of the species (Table 1; Figure 1 ; Supplementary Table 1) . Control-pollinated, open-pollinated and mass supplementary pollinated families from advancedgeneration breeding programs and commercial seed orchards were established in the same trials along with a small number of families of other species.
Traits assessed
Assessment of MLD damage was undertaken after the first widespread infection in each trial, at approximately 1 year of age at TEM06 (October) and SR06 (October), and 2 years of age at TOG05 (September), SR05 (November) and GC08 (September). The severity of MLD on each tree was visually assessed as the percentage of leaf area necrosis in the entire juvenilecrown using the disease assessment diagrams presented in Carnegie et al. (1994) . Negligible defoliation because of MLD had occurred at the time of assessment. Phenotypic MLD data were log transformed, as it was found to reduce heteroscedasticity more effectively than arcsine square-root transformation. MLD damage was used as a proxy for individual tree disease resistance.
Phenotypic observations of MLD damage represented the combined impacts of multiple Teratosphaeria species. Morphological assignment of Teratosphaeria species from typical necrotic leaf lesions on leaves collected from each trial indicated that T. cryptica was the principal lesion-causing species in the studied trials, followed by T. nubilosa. Nested polymerase chain reaction detection using infected leaves (Glen et al., 2007) confirmed this and revealed the additional presence of T. vespa, T. parva and T. tasmaniensis in most trials.
To allow study of underlying foliar resistance, independent of disease avoidance through variation in growth patterns and/or the timing of heteroblastic phase change (Dungey et al., 1997) , regression analyses were performed on log-transformed MLD phenotypic data. For each trial, tree 244 (140) 310 (146) 233 (124) 253 (140) 334 (141) Total (native-forest) progeny b 3840 (2295) 6002 (2727) 5669 (2771) 6528 (2863) 6075 (2236) a Estimated from trial latitude and longitude using the SILO data drill (http://www.longpaddock.qld.gov.au/silo/datadrill/index.frames.html). b 'Total' includes all species and genotypes. 'Native-forest' represents the E. globulus study trees.
height and, in the case of 2-year-old trials only, height to phase change were fitted as explanatory variables and estimated regression coefficients used to adjust log-transformed MLD phenotypic data (although when analyses were conducted on unadjusted data the interpretation of the results was not substantively different). Height to phase change was assessed as the percentage of tree height at which the first adult or intermediate (that is, petiolate) leaf was observed (Hamilton et al., 2011) .
Estimation of climatic variables and disease risk
In order to study the relationship between genetic variation in MLD resistance and disease risk, average climatic variables and a prediction of MLD risk over a 100-year period were estimated for each population (based on the latitude and longitude of sampled native-forest mothers). The SILO Data Drill (http://www.longpaddock.qld.gov.au/silo/datadrill/index.frames.html) was used to estimate the mean daily maximum temperature, mean summer rainfall and mean autumn rainfall for each population's area of origin. These climatic variables were chosen as Park (1988) suggested that warm and wet conditions increase the probability of successful infection of E. globulus by Teratosphaeria species and Pietrzykowski (2007) proposed high autumn rainfall as a possible trigger for winter/spring epidemics. Furthermore, recent advances in the understanding of the inter-and intra-seasonal dynamics, and site-specific risk of MLD outbreaks (Pinkard et al., 2010) enabled the prediction of a MLD risk score (Ecoclimatic Index) for each population's area of origin using CLIMEX (Sutherst et al., 2007) . CLIMEX is a bioclimatic species niche model that is process-based and relies on knowledge of a species' (in this case Teratosphaeria species) response to climatic variables. The CLIMEX parameter set developed by Pinkard et al. (2010) for MLD was used to calculate the Ecoclimatic Index, which is an index of climatic suitability ranging between 0 and 100. For MLD, an Ecoclimatic Index of 422 indicates climatic conditions suitable for moderate or severe levels of disease damage (Pinkard et al., 2010) . Climatic inputs for CLIMEX (mean monthly maximum and minimum temperature, rainfall and relative humidity) were also obtained using the SILO Data Drill.
Statistical analyses
To estimate quantitative genetic parameters from family pedigrees (White et al., 2007) , restricted maximum likelihood mixed model analyses were undertaken fitting the following linear model:
where MLD is the log-transformed MLD damage observation (adjusted for height to phase change and/or height), m is the mean, CATEGORY is the fixed progeny category (native-forest progeny or other progeny) effect, REP is the fixed replicate effect, ASSESSOR is the fixed disease assessor effect, POPULA-TION is the fixed population effect (fitted for native-forest progeny only), IBLK(REP) is the random incomplete block within replicate effect, ROW(REP) is the random row within replicate effect, FAM is the random family within population effect, RESIDUAL is the residual. Although only native-forest progeny were of interest in this study, data from non-native-forest progeny were utilised in analyses to better account for environmental variation within trials. Accordingly, independent family and residual terms were fitted for each level of CATEGORY but only results from native-forest progeny are presented.
For the native-forest families, the additive variance (s ) and coefficient of additive genetic variance (CV a ) for each trial were estimated from a five-trial (that is, multivariate) analysis, which allowed for covariation among families across trials (Gilmour et al., 2009) , as follows:
where s 2 f is the family within population variance; s 2 e is the residual variance; r is the coefficient of relationship, fixed to equal 0.4 to account for an assumed selfing rate of 30% in the open-pollinated families; and x is the trial mean. Dungey et al. (1997) found that female-based estimates of heritability for MLD damage from open-pollinated progeny, were comparable with those obtained from controlled-pollinated progeny, as were their provenance rankings, indicating that variation among open-pollinated families observed in this study reflects true additive genetic variation. Family within population correlations (assumed to be equal to additive genetic correlations) across trials were also estimated from this five-trial multivariate analysis. Standard errors of parameters were estimated from the average information matrix, using a standard truncated Taylor series approximation (Gilmour et al., 2009) . The significance of the family within population variance and, by implication, additive variance for each trait was tested with a 'one-tailed' likelihood ratio test (Gilmour et al., 2009) . Population means were estimated and simple linear regression and analysis of covariance (with trial fitted as a fixed factor) were used to examine the extent to which variation in MLD damage among populations was explained by variation in (i) latitude and elevation above sea level, (ii) the climatic variables daily maximum temperature, summer rainfall, autumn rainfall and (iii) MLD risk at each trial and across all five trials, respectively.
To estimate the quantitative inbreeding coefficient (Q ST ) (Latta, 1998) , POPULATION was fitted as a random term in five separate single-trial analyses, and Q ST calculated as follows:
where s 2 s is the population variance and s 2 a is as defined above. A full five-trial analysis, with POPULATION fitted as random, was not undertaken because of difficulties with convergence. 'One-tailed' and 'two-tailed' likelihood ratio tests (Gilmour et al., 2009) were used, respectively, to test the significance of Q ST estimates from zero and its difference from a previously published estimate of F ST (0.09), which was based on eight microsatellite markers and used a similar group of E. globulus populations (the Recherche Bay population was not included and the Furneaux Island populations were analysed as one in the estimation of F ST ; Steane et al., 2006) .
F ST is an estimate of neutral marker differentiation among populations, which is assumed to reflect variation brought about by isolation and drift (Latta, 1998; Steane et al., 2006) . Assuming comparable mutation rates, significant deviation of Q ST from F ST is taken as indicative of stabilising (Q ST oF ST ) or divergent (Q ST 4F ST ) selection having impacted on the genetic architecture of the trait in question (Latta, 1998; Edelaar and Bjorklund, 2011) .
Pairwise analyses, with population fitted as a random (instead of fixed) term, were undertaken to estimate inter-trial population correlations. 'Twotailed' likelihood ratio tests were conducted to determine if population and family within population genetic correlations were significantly different from zero and 'one-tailed' likelihood ratio tests were used to determine if these correlations were significantly different from one. Analyses were conducted using ASReml (Gilmour et al., 2009) .
RESULTS
Mycosphaerella leaf disease damage was generally low, ranging from 2.5% (SR06) to 12.8% (TEM06) of leaf area necrosis in the juvenilecrown (Table 2 ). Despite the low levels of damage, significant (Po0.01) population and family within population variation was detected at all trials. Within population narrow-sense heritability estimates ranged from 0.13 to 0.35 and the additive genetic coefficients of variation ranged from 5.33 to 8.30 across the trials.
Inter-trial population and family correlations averaging 0.77 and 0.61 respectively (Table 3) indicated that difference between populations and families in MLD damage were relatively stable across the different trial assessments, which confound differences in site environment, tree age when infected (age 1 or 2 years), year of infection (2007 or 2010) , month of assessment (September, October or November) and the nature of the epidemic. All but three correlations were significantly different from zero, and while the correlations were generally strong, most were also significantly different from one. Stability in E. globulus family-level MLD resistance across Tasmanian trials was also reported by Freeman et al. (2008) .
Analyses of covariance across the five trials revealed that latitude (degrees south; positive relationship), daily maximum temperature (negative relationship), summer rainfall (positive relationship) and MLD risk (negative relationship) all explained significant variation in population-level MLD damage (Table 4 ). The positive relationship with latitude reflected a distinct latitudinal cline in MLD damage, with the most resistant populations occurring northward on the mainland of Australia (Figure 1 ). No significant relationship between elevation above sea level and MLD damage was observed. The direction of the slope of the relationship between summer rainfall (positive) and MLD damage is difficult to explain biologically and when trial, daily maximum temperature, summer rainfall and interactions with trial were fitted together in a general linear model, daily maximum temperature was found to be highly significant (Po0.001) but summer rainfall was nonsignificant (P ¼ 0.527; full model R 2 ¼ 0.45)-indicating that summer rainfall is of minor importance compared with temperature, which is clearly the major climatic factor explaining variation in MLD damage. However, when trial, daily maximum temperature, autumn rainfall and interactions with trial were analysed in the same manner, both daily maximum temperature (Po0.001) and autumn rainfall (P ¼ 0.045) explained significant variation in MLD damage (full model R 2 ¼ 0.52), indicating that populations from areas of both high temperature and high autumn rainfall tended to exhibit less MLD damage.
At TEM06, the trial that experienced the greatest MLD damage and the only trial at which Q ST was greater and significantly different from F ST (Table 2) , results of simple linear regression revealed similar trends to analyses of covariance across all five trials (Table 5 ). Latitude explained 73% of variation in population MLD damage and its effect was positive and significant (Po0.001). Of the climatic variables examined, mean daily maximum temperature was the only variable for which a significant relationship was detected between population MLD damage and climate at the population origin using simple linear regression (Table 5) . Furthermore, the relationship between predicted MLD risk and MLD damage at TEM06 was negative and significant Abbreviations: ANCOVA, analyses of covariance; MLD, Mycosphaerella leaf disease. The mean of within-trial population MLD damage was weighted by the trial mean to account for differences in the scale of damage across trials. The direction of the slope of the relationship between the explanatory covariate and the population MLD damage estimated across the five trials is indicated. a The direction of the slope was consistent across all five trials. (Po0.05) with 40% of variation in population MLD damage explained.
DISCUSSION
The detection of significant genetic variation in MLD damage at the population and family within population level, accords with previous smaller-scale studies (Carnegie et al., 1994; Dungey et al., 1997; Hood et al., 2002; Carnegie and Ades, 2005) , although a higher heritability was reported by Milgate et al. (2005a) in a trial that experienced a very severe MLD epidemic. Negative genetic correlations between MLD damage and growth in E. globulus trials severely affected by disease have been reported in past studies (Carnegie et al., 1994; Milgate et al., 2005a) , representing a possible mechanism for (i) future breeding for more rapid growth and (ii) past pathogenimposed selection for greater MLD resistance in disease prone environments.
There are two lines of evidence arguing that the genetic-based latitudinal cline in disease resistance observed across the natural geographic range of E. globulus (Figure 1 ) is the result of direct pathogen-imposed selection for MLD resistance. First, at TEM06 and across all five trials, population MLD damage exhibited a negative relationship with predicted disease risk at the site of origin. This relationship is consistent with pathogen-imposed selection increasing disease resistance of the host population. Second, although population differentiation was significant in all trials, in the trial where these genetic differences were most expressed (TEM06), Q ST significantly exceeded neutral marker F ST . This is the expectation when genetic drift is not the sole driver of differentiation in MLD resistance and diversifying selection has also contributed (Latta, 1998) . The microsatellite-based estimate of average neutral marker F ST that was used in this study (0.09) is at the upper limit to that reported across various geographic partitions of the E. globulus gene pool, which range from 0.05 to 0.09 (Hadjigol, 2012; Yeoh et al., 2012; Supplementary Material) . However, the possibility that different mutation rates between microsatellite markers and genes affecting MLD resistance may have contributed to the difference between Q ST and F ST (Edelaar and Bjorklund, 2011 ) cannot be dismissed. suggest that this bias can be overcome with the use of appropriate single-nucleotide polymorphism data sets or a partition of molecular variance approach. Single-nucleotide polymorphism data sets for candidate genes affecting wood properties reveal average F ST values that are slightly greater than microsatellite-based estimates for the same samples (Hadjigol, 2012) . However, the mean values were not statistically different and outlier tests also revealed that a greater proportion of the single-nucleotide polymorphisms were affected by divergent compared with stabilising selection (Hadjigol, 2012) , which would inflate the average F ST estimates from such single-nucleotide polymorphism data. The molecular variance approach using microsatellite data have also revealed estimates of population differentiation, which do not exceed 0.09 (race-level, Steane et al., 2006; Yeoh et al., 2012) and provided added support for our comparison. Nevertheless, regardless of the accuracy of our neutral marker expectations, even our maximum Q ST value for MLD damage was only moderate and any disruptive selection affecting population susceptibility to MLD would appear relatively weak in comparison with that driving population differentiation in drought resistance and many wood properties in E. globulus (Dutkowski and Potts, 2012) .
In the case of long-lived forest trees such as E. globulus, it is difficult to prove conclusively that variation in host resistance is a direct effect of adaptation to the pathogen, as disease risk and environmental variables are often inter-correlated (White et al., 2002; Pinkard et al., 2010) and parallel trends may arise through indirect selection on linked or pleiotropically related traits. For example, a cline in E. globulus leaf chemistry has been identified, indicating that the nutritive value of leaves to herbivores declines from mainland Tasmania, through the Bass Strait islands to western and then eastern Victoria (Wallis et al., 2011) , and it is conceivable that herbivoreimposed variation in leaf chemistry could be a driver of variation in MLD damage among populations (although it is similarly possible that MLD is a driver of variation in leaf chemistry). Furthermore, introgression of genes through interspecific hybridisation cannot be excluded as a possible explanation for variation in resistance (Freeman et al., 2001; White et al., 2002) ; although in E. globulus, while a small proportion of nuclear genetic markers show signs of local introgression into the gene pool in southern Tasmania, there is evidence to suggest that such introgression is to some extent driven by selection (McKinnon et al., 2010) . Park (1988) reported that warm and wet conditions increase the probability of successful infection of E. globulus by Teratosphaeria species. Although there is evidence from other studies that summer rainfall may explain differences amongst species in the E. globulus complex (that is, the high resistance of E. maidenii; Carnegie et al., 1994; Hood et al., 2002; Carnegie and Ades, 2005) , this study indicates that rainfall is of secondary importance to temperature as a driver of broad-scale variation in MLD resistance within E. globulus. It is conceivable that, winter/spring epidemics, which are potentially followed by summer outbreaks, may impose greater selection pressure on the host than summer epidemics alone and factors triggering such epidemics may be more important than warm and wet conditions per se as drivers of pathogen-imposed selection. Pinkard et al. (2010) noted that winter/spring epidemics of MLD appeared to be favoured by mild winters, a relationship attributed to better overwintering capacity or an extended growing season. High autumn rainfall has also been proposed as a possible trigger for winter/spring epidemics (Pietrzykowski, 2007) and, although high autumn rainfall alone does not appear to explain variation in MLD damage among populations, there was evidence from this study that populations from areas that experience both high autumn rainfall and high temperatures tend to exhibit less MLD damage.
There is evidence from other studies that variation in MLD resistance in E. globulus has been maintained over short geographic distances, even in the face of gene flow. Such fine-scale trends may be superimposed on the broad-scale geographic trends identified in this study. For example, Carnegie et al. (1994) noted substantial variation in disease resistance between Wye River and Otway National Park populations, despite their close proximity (o50 km) to each other. The results of Carnegie and Ades (2005) also indicated that higherelevation inland populations may exhibit less resistance than nearby coastal populations in eastern and south-eastern Tasmania. Adaptive responses over fine geographic scales in E. globulus, have been reported in terms of the parallel evolution of dwarf ecotypes and in patterns of genetic variation in drought tolerance (Dutkowski and Potts, 2012; Jordan et al., 2000; Foster et al., 2007) . Variation in MLD resistance over hundreds of metres has also been observed between ecologically distinct E. obliqua populations along topographic gradients, with the more resistant germplasm derived from more closed forest sites, which are more likely to have high disease risk (Wilkinson, 2008) .
This study provides evidence for a direct adaptive response of E. globulus to a pathogen but there is evidence from other studies that co-evolution between E. globulus and Teratosphaeria species may also impact on this evolutionary system. Studies by Freeman et al. (2008) and Milgate et al. (2005b) suggest that a gene-for-gene relationship may exist between pathogen and host in this pathosystem. Freeman et al. (2008) identified two major QTL (quantitative trait loci) for resistance to T. cryptica, one of which was validated in an additional E. globulus family and the second across two additional families, and Milgate et al. (2005b) identified a T. cryptica biotype only associated with resistant host genotypes. This association is further complicated by the potential for multiple mechanisms of resistance, tolerance and/ or avoidance, which are at play in the relationship between the host and pathogen (Rausher, 2001 ). For example, there is evidence that leaf anatomy (for example, leaf thickness and the density of palisade mesophyll cells) can influence MLD resistance and tolerance in E. nitens (Smith et al., 2006) , and reduced duration of the more susceptible juvenile foliage phase in E. globulus represents a possible disease avoidance mechanism (Dungey et al., 1997; Jordan et al., 2000; Carnegie and Ades, 2005; Milgate et al., 2005a; Hamilton et al., 2011) .
Geographic mosaic theory argues that variation in interspecific interactions across populations of a species can affect the evolutionary trajectory of spatially isolated populations and their associated communities (Thompson, 2005) . In the present system, there is ample evidence that when damage is high, MLD may deleteriously impact the growth and thus fitness of E. globulus (Milgate et al., 2005a) . There is also evidence from other studies of complex interactions extending to other organisms associated with E. globulus and Teratosphaeria species. At one level, ecological interference may occur when multiple enemies of E. globulus affect the same trees. For example, Jones et al. (2002) found that the presence of MLD necrosis reduced foliar defoliation caused by autumn gum moth (Mnesempala privata). There is also evidence for diffuse evolutionary interactions involving the host, pathogen and another insect enemy of E. globulus (sawfly, Pergus affinis ssp. insularis), which could be due to a shared resistance mechanism (J O'Reilly-Wapstra, unpublished data), possibly related to leaf anatomy (Smith et al., 2006) . Even for our pathogen complex, there is evidence that successional interactions exists among Teratosphaeria species, with some species being invaders of lesions caused by other Teratosphaeria species or insects (Barber et al., 2008) . All these organisms have the potential to impact on the fitness of E. globulus, clearly indicating that understanding evolution and coevolution in a community context will be complicated because of the direct, indirect and diffuse evolutionary interactions, which occur in a community. Such examples highlight the complexity of extended phenotypic effects and interactions, which may arise from the genetic variation in host resistance identified in this study.
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